We find that at least two of these are functional PREs that can silence a reporter gene in a PcG-dependent manner. One of these two can also display anti-silencing activity, dependent on the context. A PcG protein binding site near the Psc promoter behaves not as a silencer but as a down-regulation module that is actually stimulated by the Pc gene product but not by other PcG products. Deletion of one of the PREs increases the expression level of Psc and Su(z)2 by twofold at late embryonic stages. We present evidence suggesting that the Psc-Su(z)2 locus is flanked by insulator elements that may protect neighboring genes from inappropriate silencing. Deletion of one of these regions results in extension of the domain of H3K27me3 into a region containing other genes, whose expression becomes silenced in the early embryo.
Introduction
Polycomb group (PcG) proteins were found first in Drosophila melanogaster as the products of genes required for the appropriate expression of homeotic (Hox) genes. The Hox genes are activated by segmentation genes in early embryonic stages and they are repressed by specific segmentation gap genes. During gastrulation, when the early effectors disappear, the action of PcG proteins becomes detectable. The PcG functions are responsible for maintaining the silenced state of target genes that were initially repressed (Pirrotta, 1997) . PcG mechanisms are now known to target many hundreds of genes in Drosophila as well as in mammalian genomes and to control most developmental and differentiation pathways Nè gre et al., 2006; Tolhuis et al., 2006; Boyer et al., 2006; Lee et al., 2006) . To date, biochemical and genetic analysis have elucidated several types of PcG complexes in D. melanogaster: PRC1, PRC2, PhoRC, and dRAF complexes. The PRC1 complex contains a core quartet of PcG proteins: Polycomb (PC), posterior sex combs (PSC), polyhomeotic (PH) and dRING (Shao et al., 1999; Saurin et al., 2001) . In this complex, PC contains a chromodomain that binds specifically to trimethylated lysine 27 of histone H3 in PcG target genes (Fischle et al., 2003) , while dRING, together with PSC is responsible for histone H2A ubiquitylation (Wang et al., 2004; de Napoles et al., 2004) . The ubiquitylation function is required 0925-4773/$ -see front matter Ó 2012 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2012.01.004 for silencing but its molecular role is not fully understood, nor is the role of Calypso, a de-ubiquitinase that also binds to PREs and is also required for repression (Scheuermann et al., 2010) . The Su(z)2 gene, which shares homology with and is adjacent to the Psc gene, is functionally redundant with it in vivo, although it differs somewhat in its expression profile (Lo et al., 2009) . PSC and dRING are also constituents of the dRaf complex, together with dKDM2, a H3K36 histone demethylase (Lagarou et al., 2008) , but the relationship between this complex and PRC1 is not clear.
The PRC2 complex is composed of E(Z), SU(Z)12, ESC and P55 (Cao et al., 2005; Czermin et al., 2002; Kuzmichev et al., 2002; Mü ller et al., 2002) . The SET domain of E(Z) protein is responsible for trimethylation of H3K27 in PcG target genes and wide-spread monomethylation and dimethylation of H3K27 in Drosophila (Ebert et al., 2004) . The PhoRC complex binds to and is required for repression of many PcG target genes. It contains PHO or PHOL, which can bind directly to DNA (Brown et al., 1998) , and an MBT-domain protein, SFMBT, known to bind to mono-and di-methylated H3K9 and H4K20 (Klymenko et al., 2006) , but the role of these methylationmarks remains to be understood.
PcG complexes bind to Polycomb response elements (PREs), sequences of a few hundred base pairs found at distances of up to some tens of kilobases from their target promoters. PREs do not have a conserved sequence but they often contain consensus binding sequences for known DNAbinding proteins, such as GAGA factor, Zeste, Pipsqueak, DSP1, PHO and PHOL (Horard et al., 2000; Hodgson et al., 2001; Faucheux et al., 2003; Dé jardin et al., 2005) . Although the role of these factors in PRE function is not well understood, they are thought to recruit the components of the various PcG complexes. Currently, genome-wide ChIP profiles have shown that PhoRC components are associated with many but not all PREs occupied by PRC1 and PRC2 (Oktaba et al., 2008; T.G.K., Y.B.S. and V.P., unpublished observations) . A number of PREs have been characterized using transgenic constructs in which a PRE flanks a reporter gene such as mini-white or lacZ. PREs can induce repression of the reporter genes, leading to a variegated phenotype. This variegation is dependent on the PcG proteins, because it is suppressed in a PcG mutant background (Fauvarque and Dura, 1993; Chan et al., 1994; Kassis, 1994; Pirrotta and Rastelli, 1994) . The sequences flanking the insertion site can influence the PRE activity in a positive or negative way (Sigrist and Pirrotta, 1997; Okulski et al., 2011) . The effect of PRE-initiated silencing is potentially dangerous to adjacent genes if it cannot be prevented from spreading to genes that should be active. Transgenic studies have shown that insulating elements can act as barriers not only to the interaction of enhancers and promoters but also to the interaction of silencing elements and targets. The gypsy Su(Hw) insulator has been shown to prevent the spreading of H3K27 trimethylation and to protect the active state of a reporter gene accompanied by a PRE . Using a high-resolution chromatin conformation capture (H3C) method (Comet et al., 2011) the gypsy insulator has also been shown to prevent contacts between a PRE and a distal promoter. Two recent studies exemplify current ideas about the role of insulator binding proteins in controlling the access of both activating and repressing regulatory elements to promoters throughout the genome (Handoko et al., 2011; Wood et al., 2011) .
Genome-wide ChIP studies in D. melanogaster have shown that the genome contains a large number of PcG target genes, which encode transcriptional regulators, as well as morphogens, receptors, signaling proteins associated with all of the main developmental pathways (Nè gre et al., 2006; Schwartz et al., 2006; Tolhuis et al., 2006; Kwong et al., 2008; Oktaba et al., 2008) . Unexpectedly, the Psc-Su(z)2 region is also targeted by PcG complexes, displaying multiple binding peaks of PC, PSC and E(Z) as well as an extensive domain of H3K27me3 (Fig. 1A) . Prior to microarray approaches, Rastelli et al. (1993) showed that the polytene 49F region, the site of the Psc and Su(z)2 genes, is apparently one of the strongest PcG binding sites on salivary chromosomes.
Consistent with this observation, they found that in younger third instar larvae, salivary gland nuclei stain strongly with anti-PSC antibody but that, as the larvae matured and prepared for pupation, the stronger nuclear staining was extinguished in all-or-none fashion. In larvae homozygous for E(z)
61
, a temperature sensitive allele, all nuclei continue to stain strongly as in younger larvae (Rastelli et al., 1993) , although these have proved difficult to reproduce. Later, Ali and Bender (2004) found that Psc and Su(z)2 are negatively regulated by PcG genes Pc, ph, and Psc by measuring the transcriptional profile in the presence of a subset of PcG mutations. Paradoxically, although the Psc-Su(z)2 region is clearly a target of PcG regulation, the Psc gene must remain active to assure the functioning of the PcG mechanism. Therefore, the regulation of Psc-Su(z)2 by PcG mechanisms appears in some way different from the all-or-none silencing paradigm derived from the regulation of homeotic genes. Here we present evidence that the peculiar regulation of Psc-Su(z)2 by PcG is achieved through combinatorial action of several typical PREs, an unusual promoter proximal repressive module and chromatin boundary elements.
Results

The SD region has a PRE activity
Genomic analysis of Polycomb binding sites and the distribution of H3K27 trimethylation in tissue culture cells reveals that the Psc-Su(z)2 region possesses specific sites of PcG binding as well as abundant H3K27 modification . PC, PSC, and E(Z) co-localize at several distinct peaks in this domain, suggesting that these sites are putative PRE elements. These distinct peaks, best identified in the PSC distribution, define four putative PRE elements: (1) 8 kb downstream of Psc (PD fragment), the promoter regions for (2) Psc (PP fragment) and (3) Su(z)2 (SP fragment), and (4) 35 kb downstream of Su(z)2 (SD fragment) (Fig. 1A) . Data are available for the distribution of PC in third instar T3 imaginal discs (Kwong et al., 2008) and we have added this profile to Fig. 1A for comparison. While there are some differences in detail, it is clear that the Psc-Su(z)2 region binds PC to a similar extent in imaginal discs. To analyse whether these putative PRE elements are functional PREs, DNA fragments containing each putative PRE, flanked by FRT sites, were cloned into a reporter gene construct. This construct includes a lacZ reporter gene controlled by the promoter of the Ubx gene, a Ubx embryonic enhancer (bx), a Ubx imaginal disc enhancer (H1) and a miniwhite gene as a marker (Fig. 1B) . This construct has been used in previous studies of PRE function because the Ubx promoter and enhancers are well characterized as representative PcG targets (Poux et al., 2001) .
First, lines containing a control construct that includes the reporter gene but lacks PRE-containing fragments shows uniform expression in all dorsal imaginal discs when stained to reveal b-galactosidase activity ( Fig. 2A) , as previously reported (Poux et al., 2001) . In contrast, all independent fly lines containing the SD fragment construct showed variegated expression patterns of the lacZ reporter gene in the wing imaginal discs, a typical phenotype indicating PcG repression (Fig. 2B) (Pirrotta, 1997) . All 10 independent transgenic lines obtained with this construct showed variegated expression patterns of the lacZ reporter gene in the wing imaginal disc, dependent on PcG dosage (Table 1) . We conclude that the SD fragment acts as a functional PRE, indistinguishable in this assay from the bxd PRE of the Ubx gene (Poux et al., 2001) . In earlier work using a very similar construct containing the Ubx-lacZ reporter gene controlled by the same Ubx embryonic enhancer and imaginal disc enhancer (Poux et al., 2001 ), a transposon insertion named N1363 (Fig. 2C ) had been recovered that mapped very close to the Psc locus. The lacZ expression produced by this transposon showed a typically silenced Ubx-like pattern in imaginal disc that became derepressed in PcG mutants. Since this construct contains no PRE, the maintenance of Transposon construct used to assay PRE function. The insertion site of the fragment to be tested (PRE?) is flanked by FRT sites (green rectangles). The construct has a lacZ reporter gene (dark green arrow) driven by the Ubx gene promoter (orange), the Ubx enhancers bx, active in the embryo (blue oval), and H1, active in imaginal discs (pink diamond). The mini-white gene (red) serves as a marker. (C) Transposon construct used to assay the function of the Psc promoter and upstream region. Fragments to be tested (red arrow) are inserted in front of the lacZ reporter gene (dark green). The mini-white gene serves as a marker.
repression suggests the presence of an endogenous PRE near the insertion site. Inverse PCR analysis showed that the insertion was in fact located 35 kb downstream from Su(z)2 gene, at position 2R:8929,834, within a sequence containing the SD PcG-binding peak (Fig. 1A) . We conclude that the repression is caused by the endogenous SD region, residing in the Psc-Su(z)2 locus, showing that the SD element also functions as a PRE in its endogenous location.
The PD region behaves alternatively as a PRE or an anti-silencer
The PD fragment, located 8 kb downstream of the Psc gene, was inserted into the same reporter construct (Fig. 1A) . Among 11 independent lines, irrespective of orientation, three show repressive effects in the expression of both reporter genes, lacZ and mini-white (Table 1) . Line 3F-M, showed an expression pattern typical of PRE regulation: variegated lacZ expression in the wing imaginal disc and weak expression of the mini-white gene in adult eyes. The expression of both reporter genes shows a pairing-dependent effect typically seen with many PREs: repression is stronger in flies homozygous for this transposon insertion. In either Pc 3 or Su(z)2 1.b8 heterozygous background, the expression of lacZ and mini-white genes became uniform (Fig. 3A) . To determine whether the PD-4.1 fragment is responsible for this effect, the fragment was excised by crossing to a strain expressing the FLP recombinase under control of the heat shock promoter. Line DPD (3F-M), in which the fragment was excised, was identified by genomic PCR, because the excision produced too little change in eye color to be distinguished in the progeny. Expression of both lacZ and mini-white after excision was for Each putative PRE fragment was tested in the BH Ubx > lacZ construct. Line N1355 is a typical control line with no insert and N1363 is also without insert but the transposon inserted at the SD site (see Fig. 1 ). All X-gal stainings were done in third instar wing imaginal discs. # Indicates the number of transgenic lines and + or À indicate the orientation of the fragment as in Fig. 1 . * Indicates lines that are sensitive to PcG dosage. the most part derepressed, although it remained silenced in some cells of the wing disc ( Fig. 3B) , implying that at least part of the repression is caused by the genomic context of the insertion. Inverse PCR showed that this transposon is inserted near the promoter of the dsf gene on chromosome 2L. Recently, ChIP/chip analysis in Drosophila embryos has shown that the dsf region contains H3K27 trimethylation and low but significant binding of PcG proteins (Nè gre et al., 2006) . This would explain why some repression persisted even when the PD-4.1 fragment was excised. We conclude that the PD region has some PRE activity but its effects are strongly dependent on the genomic context.
A second PD line studied in detail, M2-F1, represents a more complicated case. It showed variegated lacZ expression in imaginal discs and weak expression of mini-white in adult eyes. The lacZ reporter gene became derepressed in the presence of PcG heterozygous mutations (Fig. 3C) . Surprisingly, the excision of the PD-4.1 fragment by FRT-FLP system in this line caused stronger repression of the lacZ and mini-white genes (Fig. 3D) . This was not caused by disruption or rearrangements within the reporter gene or its regulatory elements (data not shown) and implies that the PD fragment in this case protects the reporter gene from repression exerted by genomic flanking sequences. The repression observed after excision is also sensitive to the dosage of PcG genes. Surprisingly, inverse PCR showed that, in this line, the transposon was inserted at position 2R:8883,943, just 684 bp upstream of the Su(z)2 promoter, with the lacZ gene pointing towards the Su(z)2 gene. According to the ChIP/chip results, the insertion site corresponds exactly to the binding peaks of PC, PSC and E(Z) in the SP region (Fig. 1A) . Therefore the stronger repression revealed by the excision is most likely caused by activities of endogenous PREs such as the SP region or other putative PREs residing in the Psc-Su(z)2 locus. We cannot tell if the effective SP repressive element lies to the right or to the left of the insertion site. Of the consensus sequences often found at PREs, the PHO consensus is lacking in this region but GAF binding sites are abundant, particularly immediately to the right of the insertion. Once again, the behavior of the M2-F1 line indicates that the Psc-Su(z)2 locus is functionally regulated by PcG silencing mechanisms. The PD fragment, which has a weak PRE-like activity in line M2-F1, actually protects the transgene from the effects of a more highly repressive environment at the SP insertion site. Such positive transcriptional effects have been reported for weak PREs and shown to be due to the recruitment of Trithorax (Poux et al., 2002) . Unfortunately, we were unable to recover insertions of the construct containing the SP region to test its activity directly.
In other genomic locations, the PD fragment shows variable effects independent of its orientation in the reporter construct. Six other independent lines show uniform expression of the lacZ reporter gene in imaginal discs, with no indication of silencing (Table 1) . FLP-mediated excision of the PD fragment in these lines caused weaker expression of the lacZ but expression before or after excision is insensitive to the dosage of PcG genes (data not shown). Therefore, in some genomic contexts, the PD fragment may play a role to stimulate the expression of the reporter gene or to alleviate repression. Two other independent lines displayed weak variegated expression which became uniform in a PcG heterozygous mutant background (data not shown) indicating that, in this context, the PD fragment behaves as a weak PRE.
2.3.
The PP region behaves as a down-regulation module
As described above, line M2-F1 in which the PD transposon is inserted in the promoter region of the Su(z)2 gene showed strong silencing due to the flanking sequences. We therefore wondered whether the promoters of the Psc and Su(z)2 genes contain some regulatory modules that allow them to remain active despite the binding of PcG proteins. To examine this question, we focused on the promoter region of the Psc gene. The PP-4.2 fragment, containing the promoter, the 1st exon and the 1st intron of Psc gene was inserted into the same reporter construct (Fig. 1B) in the direction driving the lacZ gene. All independent lines, of which line PP-4.2 (1M-2M) is representative, exhibit very weak and restricted lacZ expression in imaginal discs and very weak expression of mini-white in adult eyes (Table 1) . These repressive effects are not sensitive to PcG dosage (data not shown). Excision of the PP-4.2 fragment results in increased expression of both reporter genes (Fig. 4B) . A slightly shorter fragment, the PP-3.4-fragment lacking half of the first intron gives the same effect (data not shown). The lacZ expression was determined also in embryonic stages by immunostaining with anti-b-galactosidase antibody (Fig. S1) . The control line, N1355, containing the same vector with no inserted fragment, displays a specific parasegmental pattern during stage 4-10 in early embryogenesis because the bx embryonic enhancer activates the Ubx promoter in even-numbered parasegments but is repressed by Hunchback in the anterior half of the embryo. In the later embryo, ectopic expression of lacZ appears in anterior segments because the construct lacks a PRE to maintain repression (Fig. S1A) . In contrast, the PP-4.2 (1M-2M) line showed very weak expression with no specific pattern at all embryonic stages (Fig. S1B) . This repressive effect, like that seen in larval imaginal discs, was not sensitive to PcG dosage or at least not affected by halving the dosage of PcG genes (data not shown). The PP-4.2 fragment somehow interferes with enhancer activity and down-regulates the expression of the reporter gene throughout development. When the PP-4.2 fragment was excised by the FRT/FLP system, the parasegmental expression of lacZ was recovered, resembling that of the N1355 control line (Fig. S1C) .
To clarify this down-regulating activity in the promoter region of Psc gene, we analysed the transcriptional activity of the Psc promoter in the context of larger genomic fragments. We started with a construct containing the mini-white gene as a marker and the lacZ reporter gene driven by the Psc promoter fragment with no additional enhancers (Fig. 1C) . This fragment contains 1.38 kb upstream of the transcription start and 1 kb downstream. Further constructs were made by adding additional upstream sequences corresponding to half (4.3 kb) or most (10 kb) of the intergenic region between Psc and Su(z)2 placed in front of the Psc own promoter showed weak expression of the lacZ reporter gene in imaginal discs, independent of PcG genes dosage ( Fig. 4D and E) .
Transgenic lines with only 1.38 kb upstream of the Psc transcription start site showed even weaker expression of the lacZ reporter gene in imaginal discs. Some of the lines containing this Psc promoter fragment showed very unusual responses to changes in PcG gene dosage: lacZ expression decreased rather than increasing in the presence of a Pc 3 heterozygous mutation (Fig. 4C) , while it was not affected in a Su(z)2 1.b8 heterozygous background (not shown). A similar effect has been reported for the promoter of the polyhomeotic gene (ph), another PcG gene that is regulated by PcG mechanisms. Transgenes containing the ph PRE region become hyper-repressed in the presence of a heterozygous Polycomb mutation but not other PcG mutations (Fauvarque and Dura, 1993; Bloyer et al., 2003) . These results suggest that the Psc promoter region might contain an element that behaves more as a down-regulation module rather than a usual PRE, possibly depending on PC protein in some way to maintain a minimum degree of activity. It remains to be elucidated how this effect is related to PcG mechanisms. These transgene studies demonstrate that several different kinds of regulatory activities cooperate with PcG proteins to modulate the expression of the Psc-Su(z)2 genes.
Functional effects of the SD region deletion
Among the several PcG binding peaks in the Psc-Su(z)2 locus, the one located in the SD region is the highest and appears to be associated with the strongest PRE activity in our transgene studies. The SD PRE might therefore be the major element that initiates PcG silencing, cooperating with other, weaker PREs to spread PcG silencing and trimethylation of H3K27 over the entire Psc-Su(z)2 locus. To understand whether the SD PRE functionally regulates the expression of Psc-Su(z)2 genes, we generated small deletions in the SD region by mobilizing the N1363-P element, which is located in the middle of the SD region (Fig. S2A) . Genomic PCR analysis of 192 excision lines showed that two, A27 and B34, contained small deletions. To map these small deletions, the genomic DNA was isolated from imprecise excision lines A27 and B34, from the host strain Df(1)w 67c22 as control, from the N1363 original transposon insertion line, and from line B46, one of the precise excisions. Southern blot analysis, genomic PCR analysis and sequencing showed that the A27 deletion line lost 2.49 kb from the right side of the N1363 insertion and the B34 deletion line lost 3.2 kb, straddling the N1363 insertion site ( Fig. S2B and C) . Both deletions lost most of the sequences that bind E(Z), PC and PSC (Fig. S2A ) and both are homozygous viable with no evident phenotypes. To determine whether the transcriptional levels of the Psc and Su(z)2 genes are affected by the SD deletions, quantitative RT-PCR analysis was done with RNA extracted from the two homozygous deletion lines, from the original transposon insertion line and from the w67 control at embryonic stages (Fig. 5) . On the basis of embryonic transcriptional profiles of Psc and Su(z)2 (microarray analysis of expression profiles during Drosophila embryonic development, kindly provided by Affymetrix and reported by Manak et al. (2006) , three different embryonic stages were examined: 4-8 h after egg-laying, in which Psc is highly expressed, 10-14 h, in which both Psc and Su(z)2 genes are both expressed, and 16-22 h, when Su(z)2 is highly expressed, while Psc expression is low. The mRNA levels were quantified by real time PCR and normalized to the mRNA level of the ribosomal protein gene rp49 and are . The error bars correspond to the mean between replicate experiments. The distribution of H3K27me3 was determined at the positions marked 1, 2, 3 and 4 in (A), representing respectively B34-5 0 end, A27-3 0 end, CG13323, and Drl-2.
shown relative to their expression in the host strain w67. In 4-8 h embryos, there is no significant difference among lines. However, in older embryos, the level of Psc-Su(z)2 expression is increased approximately twofold in the A27 deletion mutants compared to that of wild type ( Fig. 5B and C) . It is not clear why this increase is consistently lower in the B34 deletion although the trend is the same. These results show that loss of one putative PRE up-regulates to some extent the expression of Psc-Su(z)2 genes at late embryonic stages. Furthermore, the increased levels of Psc-Su(z)2 gene products when the SD PRE is deleted might be self-limiting because increased expression might result in more binding to the other putative PREs in the Psc-Su(z)2 locus. Alternatively, RT PCR might fail to detect a more significant tissue-specific difference, because the input RNA represents the entire cell population of the embryo. To test this possibility, in situ hybridization with RNA probes for Psc or Su(z)2 was performed, but no significant difference could be detected in embryonic tissues among the lines (data not shown). We also examined the level of expression of CG13323 and CG13324, two small transcription units with identical sequence immediately distal to the SD PRE in the Psc-Su(z)2 locus. Unexpectedly, the mRNA levels of both CG13323 and CG13324 decreased 20-to 50-fold in both deletion mutants compared to those of wild type at all stages (Fig. 5D ). These two genes are almost identical in sequence and produce predicted 112 amino acid proteins of unknown function. Why would deletion of the SD PRE region result in the loss of expression of the genes immediately outside of the Psc-Su(z)2 locus? One possible explanation is that the deletions in the SD PRE region remove an enhancer necessary for the proper expression of the CG13323 and CG13324 genes. Another explanation is that the deleted region contains a DNA boundary element, an insulator, separating the two genetic regions and protecting the two small genes from repression by the SD PRE. The loss of the boundary would allow spreading of chromatin silencing into the adjacent region, methylating it and down-regulating the expression of the CG13323 and CG13324 genes.
The SD deletions result in the extension of H3K27me3
To examine these questions, we analysed the H3K27-trimethylation profile in the deletion lines, using chromatin IP performed on 0-14 h old embryos (Fig. 5E ). Chromatin fragments were immunoprecipitated with anti-H3K27me3 antibody or mock immunoprecipitated without antibody as a negative control. The profile of H3K27-trimethylation was quantitated by real-time PCR at the edge of the maximum extent of the deleted region: the left end of the B34 deletion and the right end of the A27 deletion, as well as at the CG13323/ CG13324 genes and at the adjacent Drl-2 gene. All absolute values from the amplicons were normalized to that from the FM6 region flanking the bxd-PRE . At the left edge, all the lines show high enrichment of H3K27-trimethylation. At the right edge of the A27 deletion, both the host strain w67 and the N1363 insertion line have low levels of H3K27-trimethylation, while in both deletion lines, H3K27-trimethylation continues at a high level. On the transcriptional units of genes CG13323/CG13324 and Drl-2, the H3K27-trimethylation gradually decreases in the deletion lines, though still significantly enriched relative to the host strain w67 and to the N1363 line.
2.6.
The SD region may contain a boundary element
Together with the ChIP/chip profiles, the foregoing analysis shows that there is a clear boundary in the domain of H3K27 trimethylation in wild type and in the original P element insertion line (N1363) between the Psc-Su(z)2 locus and the distal region. In the deletion mutants, this sharp boundary is lost and the H3K27 trimethylation extends into the adjacent region. This strongly suggests the presence in the deleted region of an insulator that would normally prevent the spread of H3K27me3 domain. Mapping of insulator proteins does show the presence of a peak of CP190, a protein found at many insulator sites, located just outside and to the left of the presumptive SD PRE (modENCODE Chromatin Consortium, http://modencode.org). However, if this is what prevents the spreading of H3K27 trimethylation and silencing from the Psc-Su(z)2 locus to the adjacent genes, it does not appear to be a typical insulator or boundary element. In the transgenic studies (Fig. 1A) , the SD region in the reporter gene construct was inserted in the same orientation relative to the reporter gene as it is in the genome relative to the Su(z)2 gene. In this orientation, the SD region acts as a PRE element and strongly represses the lacZ reporter. If this region contained a classical boundary element, the SD segment would be expected to block the action of the PRE on the promoter of the reporter gene, protecting the lacZ gene from silencing. If the SD region contains an insulator its function is conditional on developmental stage or tissue (as reported for the Fab-7 insulator by Aoki et al., 2008) or it is context-dependent and does not behave as an insulator in all genomic environments. An alternative possibility is that the B34 and A27 deletions remove an enhancer for the CG13323-CG13324 genes making them sensitive to the spreading of PcG silencing.
Discussion
PcG binding sites in the Psc-Su(z)2 locus
The major question that motivates this work is that of the role of PcG mechanisms in the regulation of the PcG components PSC and SU(Z)2. The Psc-Su(z)2 locus is a large region that apparently includes an extensive regulatory domain: not only the intergenic region between Psc and Su(z)2 but the 40 kb downstream of Su(z)2 that contain no known transcription units have been implicated in Psc-Su(z)2 regulation (Wu and Howe, 1995) . The Psc-Su(z)2 locus is enriched in PC binding over a broad domain of about 90 kb. As generally observed, other PcG proteins tend to bind in the form of more discrete and better localized peaks, exemplified by the binding of PSC, in this case to four major binding peaks and five or six minor peaks (Fig. 1A) . Like virtually all presumptive PREs in the Drosophila genome, both the major and the minor peaks of PcG protein binding are also coincident with peaks of TRX binding (see Schwartz et al., 2010, Fig. 5D ). The functions of these regulatory elements remains unknown but they are most likely reflected in the complex genetics of the Su(z)2 locus (Wu and Howe, 1995) .
The results presented here show that of the four binding sites we tested, two, SD and PD, at the two ends of the region, behave like typical PREs when tested in reporter constructs with a transgene driven by the Ubx promoter. The repressive action of the SD and PD PREs, although different in strength, is very similar to that of the bxd PRE on the same reporter gene in that the state of repression is determined in the early embryo and then maintained through later development. This is clearly very different from the role PcG regulation necessarily plays at the Psc-Su(z)2 locus, where repression must be either intermittent or partial. The N1363 transgenic line, in which the Ubx-lacZ reporter construct is inserted in the SD region, strongly suggests that this region can behave as a typical PRE in its normal genomic context. Similarly, the SP element, although we were not able to test it directly, appears also to be a powerful PRE, strongly repressing a transgene inserted in that genomic context. How can we account then for the very different effect of these PREs on the expression of the Psc and Su(z)2 genes? The answer must lie at least in part in the properties of the promoters of these two genes. This is illustrated by the behavior of the constructs containing the PP fragment, which includes the Psc promoter as well as a presumptive PRE. This fragment acts as a strong down-regulator rather than a silencer, generating uniform domains of low expression of the reporter gene, entirely different from the action of typical PREs, which usually produces silencing or variegation. The repressive effect was not visibly affected by heterozygous PcG mutations, although it remains possible that it is less dosage-dependent than in the typical case. Instead, the Psc promoter/PRE responds anomalously to the levels of PC protein, which appears enhance rather than repress the expression of the reporter gene. Surprisingly, this role of PC is not shared by other PcG proteins. A similar effect was reported for the corresponding region of the ph-p gene, which is stimulated rather than repressed by the PC protein but not by other PcG proteins (Fauvarque and Dura, 1993; Bloyer et al., 2003) .
The PD element is a much weaker PRE, highly dependent on chromosomal context for its repressive activity. In some contexts, in fact, it may actually stimulate transcriptional activity. This effect has been previously reported and found to be dependent on Trithorax (Poux et al., 2002) . All four sites, PD, PP, SP and SD, like typical PREs, also bind Trithorax protein, which is probably critical for the ability of the Psc and Su(z)2 genes to function in a highly repressive environment. Unlike the majority of PREs, these sites have a scarcity of the GCCAT consensus motif for the binding of Pleiohomeotic (PHO). None of these four sites bind appreciable peaks of PHO, which is very low throughout the Psc-Su(z)2 region in our cultured cells or in T3 imaginal discs (Kwong et al., 2008) , but they bind instead GAF, DSP and PSQ, three other DNA binding proteins frequently found at PREs (Y.B.S., T.G.K. and V.P., unpublished observations).
3.2.
Autoregulation of the Psc-Su(z)2 region
As in the case of the ph-p and ph-d genes and unlike most genes targeted by PcG complexes, the Psc and Su(z)2 genes bind RNA pol II and are actively transcribed so that PcG complex binding and H3K27 trimethylation of the locus appear to co-exist with transcriptional activity and its associated chromatin marks. Since what we detect is an average over a large number of cells, we do not know in fact if PcG binding and transcription occur at the same time or if the genes cycle on and off. The latter would be a logical expectation for an autoregulatory loop. The region would be repressed by PcG complexes until the PSC or SU(Z)2 concentration drops sufficiently for transcription to be reactivated and expression would then occur until enough products accumulate to permit repression again. The main argument against this scenario is the anomalous role of PC at the PP element/Psc promoter, where it seems to contribute to expression rather than inhibiting it. Although indirect effects are possible, this specific role of PC suggests that it binds to the PSC promoter region when it is transcriptionally active.
Do the PREs play a role in downregulating Psc and Su(z)2? The extensive region constituting the Psc-Su(z)2 locus, the large domain of H3K27 trimethylation, and the multiple PRE/TREs contained in this region all argue for a complex regulation. Clearly regulation is essential because a Psc transgene expressed from a short Psc promoter or a constitutive promoter is unable to rescue Psc loss of function mutations (V.P., unpublished observations). Deleting the SD PRE region doubles the expression of both Psc and Su(z)2 in 10-14 h and 16-22 h embryos but not in 4-8 h embryos. Although the effect at the earlier time point might be masked by the presence of abundant maternal mRNA, the twofold derepression evident in the later embryo is significant. A factor of two decrease in Pc gene dosage is sufficient to produce the classical dominant phenotypes. Furthermore, the loss of repression would be expected to be partly buffered by the increased repression due to the resulting higher levels of Psc/ Su(z)2 products. The direct effect of the SD PRE deletion is therefore likely to be considerably more than a factor of two. What remains difficult to evaluate is the role of the multiple PREs in this region. Even after deletion of the SD PRE, the repressive power of the remaining PREs is indicated by the virtually complete silencing of the small genes CG13323 and CG13324 (Fig. 5D ) when the domain of H3K27 trimethylation spreads to include them. Multiple PREs in a complex regulatory region are well known from the Bithorax complex, where they control different domains of expression of the Abd-B gene. In that case, however, the different regulatory units are demarcated by boundary elements that contain binding sites for insulator proteins. In the Psc-Su(z)2 region, known insulator proteins are found at three sites: CP190 at the SD site, SU(HW) and CP190 at the PD site and a small peak of BEAF32 some 2 kb downstream of the Su(z)2 gene (modEN-CODE Chromatin Consortium, http://www.modencode.org). Interestingly, therefore, insulator proteins are present at the two sites that border the H3K27me3 domain and, in fact, bind a few 100 bp outside of the PcG protein binding sites that correspond to the SD and PD PREs. As is often the case with coordinately regulated genes, the Psc-Su(z)2 region is a target of cohesin binding, which is concentrated at the two borders as well as in the intergenic region between Psc and Su(z)2 (data from Misulovin et al., 2008) . Together with the effects of the SD deletions, this strongly suggests that the PscSu(z)2 locus is bordered by insulator sites that act as boundaries of the methylation domain. What remains difficult to explain is the fact that the lines containing out SD reporter construct, the proposed insulator does not block the repressive action of the SD PRE on the reporter gene even though it is interposed between PRE and promoter. We can only say that insulator action is known to depend on the genomic context, for example, on the nature of the enhancers and promoters in the region (Cai and Shen, 2001) and that even at the endogenous site, the SD element does not prevent a small amount of H3K27 trimethylation to leak through into the first couple of kb (see Fig. 1A ).
4.
Experimental procedures
Plasmid construction
The fragments of interest were inserted into CaSpeR4 FRT BH Ubx > lacZ, derived from the BHL4 construct (Poux et al., 2001 ) by addition of FRT sites flanking the fragment insertion site. This construct has the Ubx-lacZ reporter gene driven by the Ubx bx(I)b fragment of the bx embryonic enhancer (Qian et al., 1993) and the 2212H1 imaginal disc enhancer (Poux et al., 1996) ; the mini-white gene serves as transformation marker. The putative PRE fragments tested in this construct were: the PD 4.1 kb (2R:8842,420-8846,609) fragment, which is 8 kb downstream of Psc; the PP 4.2 kb (2R:8865,694-8869,872) fragment, which contains the promoter, 1st exon and 1st intron of Psc; the PP 3.4 kb (2R:8866,437-8869,872) fragment, which includes the promoter, 1st exon, half of 1st intron of Psc; the SP 5.0 kb (2R:8881,482-8886,387) fragment, which includes the promoter and 1st exon of Su(z)2; the SD 8.4 kb (2R:8924,771-8933,108) fragment, which is 30 kb downstream of Su(z)2. To analyze the intergenic region between Psc and Su(z)2, the PP 6.6 kb (2R:8867,618-8874,218) and a 12.3 kb (2R:8867,618-8880,115) fragment, containing the Psc promoter and upstream region (the PP 2.3 kb; 2R:8867,618-8869,872), were inserted into the CaSpeR-AUG-bgal vector (Thummel and Pirrotta, 1991) . All genomic coordinates are taken from the Release 5 Drosophila Genomic Sequence of the Berkeley Drosophila Genome Project (http://www.fruitfly.org). The fragments were recovered restriction enzyme fragments or by PCR with appropriate primers and ligation from the DS 06880 P1 clone, the AC007472 (BACR30D19) BAC clone and phage lambda clone from a Drosophila genomic library. Orientations in the reporter gene construct were verified by sequencing using primers derived from the flanking FRT sites. Details of these constructions are available upon request.
Generation of transgenic lines
All constructs were injected into embryos of host strain Df(1)w 67c22 in which the white gene is partially deleted, causing complete lack of eye pigmentation (Pirrotta et al., 1983 /GFP CyO. Pc 3 is protein-null mutation.
Su(z)2 1.b8 is a deletion of both Psc and Su(z)2. To excise the inserted fragments, the line carrying the transposon was crossed with flies carrying a heat shock-inducible FRT transposase on the X chromosome. The progeny were heat shocked for 1 h at 37°C on 5 successive days during larval and pupal growth. In the following generation, F1 adults were crossed with balancers and established as homozygotes. Some excisions could be selected by a visible change in eye color. Otherwise, the excision was verified by genomic PCR, using specific primers derived from flanking FRT sites (FWD: 5 0 -CGAGTACGCAAAGCTTGGCTG-3 0 , BWD: 5 0 -CGAGGTCGAC-GATAAGCTTG-3 0 ).
To determine the insertion sites of transposons, genomic DNAs were isolated from flies for each transgenic line, according to the BDGP protocol. The genomic DNAs were digested with Sau3AI, ligated and used for inverse PCR with primers appropriate for the type of P element according to the BDGP protocol (Pry4 (FWD) 5 0 -CAATCATATCGCTGTCTCACTCA-3 0 , Pry1 (BWD) 5 0 -AGCATGTCCGTGGGGTTTGAA-3 0 ). The sequence flanking the insertion site was determined using the same primers.
Staining of larval tissues
Imaginal discs from third instar larvae were dissected, fixed with 1% glutaraldehyde in 50 mM NaCacodylate pH 7.0, washed and stained with 0.2% X-gal in staining solution (100 mM NaHPO 4 pH 7.0; 150 mM NaCl; 1 mM MgCl 2 ; 5 mM K 3 [Fe(III)(CN) 6 ]; 5 mM K 4 [Fe(II)(CN) 6 ]) to reveal the b-galactosidase activity. The stained preparations were mounted in 80% glycerol and microscopy was carried out with a Zeiss microscope using DIC optics and the images were and treated with Adobe Photoshop. Eye colors of flies raised at 25°C were photographed with a camera mounted on a Zeiss stereomicroscope.
Chromatin immunoprecipitation and qPCR
Chromatin was prepared from overnight embryo collections (0-16 h) from Df(1)w 67c22 , N1363, and the A27 and B34 deletion lines according to Kahn et al. (2006) . All procedures for chromatin immunoprecipitation and qPCR were carried out as described in Kahn et al. (2006) . The antibody used was anti-H3K27me3 from Abcam.
Reverse transcription and qPCR
Total RNA was isolated from deletion lines; A27 and B34, from the original transposon insertion (N1363), and from the Df(1)w 67c22 control at three different embryonic stages;
4-8 h, 10-14 h, and 16-22 h, using TRIzol Reagent (Invitrogen) according to the manufacturer instructions. After DNase I treatment, 5 lg of total RNA was used for random primed synthesis of the first cDNA strand with First Strand cDNA Synthesis Kit (Amersham) according to manufacturer instructions. In parallel, the control reaction was run simultaneously without reverse transcriptase. After heat-inactivation of reverse transcriptase at 65°C, the resulting cDNA was purified with QIAquick PCR Purification Kit and eluted in 100 ll elution buffer (Qiagen) according to the manufacturer instructions. 0.05-5 ll of the cDNA obtained were used for cDNA quantification by real-time PCR in the same way as described for quantification of ChIP products except that serial dilutions of genomic DNA from Df(1)w 67c22 were used to make the standard curve. The amount of cDNA for genes of interest;
Psc, Su(z)2, CG13323-CG13324, and Drl-was normalized to the amount of RpL32 (rp49) cDNA.
Oligonucleotide primers
Primers CACGAATGGGGGCGTTTTG, CG13323F-2: GATTCTACAACATCT CCGCC, CG13323B-2: TCACCTGACCACGAAGATTC, Drl-2F-2: GTTATGAACTGCTGCTGGCA, Drl-2B-2: ACTCATTGAGGTCCA TCCCA.
